The catabolic pathways for the utilization of glucose and gluconate by one strain of each of five species of the genus Corynebacterium were examined. The relative participation of concurrent glucose pathways in each of these five strains was estimated. The findings indicated that Corynebacterium hoagii ATCC 7005 and C. tritici ATCC 11408 displayed catabolic behaviour similar to that of Arthrobacter globiformis ATCC 8010 in that the glycolytic pathway played a major role in glucose catabolism. In contrast, in C. equi ATCC 7698 and C . sepedonicum ATCC 9850, the glycolytic pathway and the pentose cycle pathway played almost equally important roles in glucose utilization. The catabolic pathway functioning in C. xerosis ATCC 7084 was distinct from these other strains of Corynebacteria and resemble that of some Acetobacter strains in that the pentose cycle pathway played a predominant role in the utilization of glucose and gluconate.
I N T R O D U C T I O N
The genus Corynebacterium was initially created by Lehman and Neumann (Bergey's Manual, 7th ed., 1957) to contain the diphtheria bacillus and other diphtheria-like organisms parasitic or pathogenic to animals. It has expanded its boundaries ever since, mainly on a morphological basis, to include many more species, from human, other animal, plant and soil sources. As it stands now in the 7th edition of Bergey's Manual (1957), the genus contains organisms of human, animal and plant origin having in common certain features, such as irregularity in shape, which varies from straight, curved, club-shaped or branched rods to almost coccoid organisms. Corynebacteria commonly show the so-called ' snapping division ', the organisms show uneven and variable Gram strain and do not have endospores. Some soil organisms formerly in this group have obtained independence and emerged as a new genus A rthrobacter.
The species in the genus Corynebacterium were differentiated primarily on the basis of their habitat, along with some physiological characteristics. However, as stated in a footnote of Bergey's Manual (1957, p. 579), 'habitat relationships are used because comparative studies of the species in these groups are still completely lacking'.
Some studies have been made of the amino acid and carbohydrate composition of the cell wall of a few strains of corynebacteria (Orlova, 1954; Cummins & Harris, 1955 Mierzejewski, 1955 ; Rzucildo, et al, 1958) and on their nutritional characteristics (Lachance, 1960; Keddie, Leask & Grainger, 1966) . Cummins & Harris (1959), while comparing Arthrobacter with Corynebacteria and other Gram-positive bacteria, stressed the importance of cell-wall composition as basis of taxonomy ; comparisons of amino acid composition might be of use in separating genera and of varieties of sugars and amino sugars in separating species, Keddie et al. (1966, p. 34 ) stressed that ' cell-wall composition afford a distinction between saprophytic strains of coryneform bacteria on the one hand and C. diphtheriae and related human and animal parasites on the other'.
Only a few strains of Corynebacteria have been investigated in regard to their carbohydrate metabolism. Hulanicka (1 960) showed the existence of sedoheptulose and phosphopentose isomerase, epimerase, transketolase and transaldolase in Corynebacterium diphtheriae and concluded the pentose cycle (PC) pathway to be operative in this organism, although the extent of participation of the PC pathway in overall glucose catabolism is not known. The operation of the tricarboxylic acid cycle (TCA) pathway in this organism is reported by Jannes (1953) and Kornberg (1958) . Zajic, De Ley & Starr (1956) reported the operation of the pentose phosphate (PP) pathway and TCA cycle pathway in a strain of C. insidiosum, and could not detect a specific dehydrase and aldolase which might convert 6-P-gluconate to pyruvate and triose-P, key enzymes in the Entner-Doudoroff (ED) pathway. Katznelson (1955 Katznelson ( , 1958 was unable to detect the formation of pyruvic acid from glucose, glucose-6-P, fructose-6-P and 6-P-gluconate in C. michiganense, C. fascians and C. flaccumfaciens. In these latter species, the presence of hexokinase, and glyceraldehyde-3-P dehydrogenase was not shown. Evidence for the presence of a poly-phosphate-glucose-phosphotransferase in C. xerosis was reported by Dirheimer & Ebel (1962) .
In view of the lack of a direct comparative study of corynebacteria with respect to carbohydrate metabolism, the present work was undertaken with one strain of each of five species which originated from human, animal and plant sources.
METHODS
The organisms used were obtained from the American Type Culture Collection. The strains studied were : Corynebacterium hoagii (ATCC 7005, human) ; C. equi (ATCC 7698, animal); C. tritici (ATCC 11408, plant) ; C. sepedonicum (ATCC 9850, plant); C. xerosis (ATCC 7084, human) .
The stock cultures were grown on nutrient agar slopes and kept in a refrigerato1 at about 5". Subcultures to new media were made at about 3-month intervals, Corynebacterium sepedonicum ATCC 9850 was grown only in liquid medium since its growth on nutrient agar was poor. The medium used for the growth of all Corynebacterium strains studied was that used by Lochhead & Thexton (1951) for thc isolation of soil micro-organisms. The main source of carbon was either glucose 01 gluconate, at 0015% (w/v). The carbon sources were sterilized separately, by auto. claving (120", 30 min.), as well as some other medium constituents, and mixec aseptically after cooling. The media were adjusted to pH 6.8 with 0.1 N-HCl.
The organisms were grown in 250 ml. Erlenmeyer flasks containing about 130 ml liquid medium, and incubated on a rotary shaker at 30" for Corynebacteriurn xerosis C. equi and C. hoagii, and at 27" for C. tritici and C. sepedonicum. Three subculture! from the stock cultures were made at intervals before harvesting the organisms b! centrifugation. The organisms so obtained were immediately resuspended in the growtl medium containing no carbohydrates. Concentrations of organisms in these suspension: were determined turbidimetrically, by means of a Klett-Summerson colorimeter, and adjusted to an extinction (640-740 mp) corresponding to a concentration equivalent to 0.7-2.7 mg. dry weight organism/ml. Organisms used in experiments were harvested at the late stage of the exponential growth. Organisms grown in glucose medium or in gluconate medium were used.
The The radiorespirometric experiments were done according to the procedures described by Wang (1963) . In a typical experiment, 10 ml. of a given suspension of organisms were placed in an incubation flask and allowed to utilize a prescribed amount of the labelled substrate under aerobic growth conditions. Respiratory 14C02 released by the organisms was swept through 10 ml. of an ethanolamine+ethanol solution (1 +2, by vol.), which was replaced at hourly intervals. The experiment was terminated when the rate of production of respiratory 14C02 declined to an insignificant value, indicating that the given substrate had been exhausted from the medium. The vessels containing the suspensions were then cooled in ice for about 10 min., after which the organisms were separated by centrifugation. Both the washed organisms and the supernatant fluid thus obtained were assayed for radioactivity.
The radioactivity in respiratory 14C02 was assayed by means of liquid scintillation counting with a Packard Tricarb Spectrometer (Model 314-EX2) in the manner described by Wang (1963) . The radioactivity of the organisms and the metabolic products in the media was determined by liquid scintillation counting with the thixotropic gel techniques (White & Helf, 1956) . The efficiency of the liquid scintillation counter for different types of samples was determined by using the internal standards technique. Counts were made over a sufficient period to give a relative standard deviation no greater than 2%.
RESULTS
All the Corynebacterium strains selected for the present work are capable of utilizing either glucose or gluconate as a sole source carbon. However, except in the case of Corynebacteriurn sepedonicum ATCC 9850 growth rates were generally better with glucose than with gluconate. Organisms grown in the glucose medium and the gluconate medium were used for the experiments, with 14C-labelled glucose or 14C-labelled gluconate as substrates. Regardless of the nature of the carbon source in the original culture medium, the radiorespirometric findings for a given substrate were essentially the same. However, with C. hoagii ATCC 7005, the utilization of gluconate by glucosegrown organisms was very sluggish, and hence, in this case only gluconate-grown organisms were used with 14C specifically labelled gluconate as substrate.
The results of an experiment on the utilization of 14C-labelled glucose or gluconate by the five Corynebacterium strains are given in Table 1 . The data were those observed at the completion of substrate utilization which generally took 6 to 8 hr. [3J4C] glucose and [3,4-14C] glucose experiments.
The data in Table 1 represent the average of at least four replicate experiments; the deviation among replicates was less than 5 yo.
The analysis of the data with regard to the identification and estimation of glucose and gluconate pathways functioning in the various organisms relied on the following considerations.
(1) Comparison of the extent of 14C0, production from the various labelled carbon atoms of the substrate at the end of utilization. (2) Comparison of the maximal rates of 14C0, production from labelled carbon atoms of the substrate (see Table 1 , column headed 'peak respiratory 14C02 production'). (3) Since gluconate is a key intermediate in several glucose pathways, including the PP, the PC and the ED pathways, much information on the nature of the glucose pathway can be derived by a comparison of the over-all respirometric patterns observed in the glucose and gluconate experiments. Such a comparison assumes that the given gluconate behaved similarly to that derived from glucose catabolism. With this in mind, the information about glucose and gluconate pathways as found in the present work, can be summarized as follows.
Corynebacterium hoagii ATCC 7005. With glucose, the extensive conversion of C-3 and C-4 of glucose to respiratory CO, led to the conclusion that the EmbdenMeyerhof-Parnas (EMP) pathway played a major role in this organism. The fact that the conversion of C-1 of glucose to CO, was significantly greater in extent than the conversion of C-6 provided evidence that the PP pathway was also operative. The operation of the latter pathway was further indicated by the findings in the gluconate experiments, where the conversion of C-1 of gluconate to CO, was prompt and extensive. However, pentose phosphate derived from the glucose via the PP pathway did not appear to be catabolized via the PC pathway. This conclusion was drawn from the fact that the extent and rate of conversion of C-2 of gluconate to CO, was considerably lower than that of the C-1 atoms. In fact, the rate and extent of conversion of gluconate carbon atoms other than C-1 to CO, appeared to reflect the operation of the sequential catabolic pathway previously described for the organism Arthrobacter ureafaciens ATCC 7562 Arthrobacter globformis ATCC 8010 (Zagallo & Wang, 1962) which was given as follows: gluconate + 6-phosphogluconate + pentose phosphate + fructose-6-phosphate -+ --*+ fructose-1 , 6-phosphate -+ triose phosphate -+ acetyl CoA, etc.
(* predominantly)
-+ L-+ glucose-6-phosphate + 6-phosphogluconate + pentose phosphate, etc.
Corynebacterium tritici ATCC 11408. Much of the discussion on the radiorespirometric findings with the C. hoagii ATCC 7005 also applies to C. tritici ATCC 11408. Glucose appeared to be metabolized by the C. tritici strain primarily via the EMP pathway and to some extent by the PP pathway; gluconate was metabolized via the PP pathway, and the pentose derived from gluconate was incorporated to fructose-6-phosphate and subsequently utilized via the EMP pathway or into cellular material instead of being engaged to any great extent in the pentose cycle reactions.
Corynebacterium equi ATCC 7698. The interpretation of the radio-respirometric pattern of the utilization of glucose by this organism was difficult. Superficially it appeared that the ED pathway, shown to function in pseudomonads (Stern, Wang & Gilmour, 1960) , might have been operative in the C. equi strain since a close equivalence in catabolic behaviour (rates and extent of conversion of carbon atoms to respiratory G A L L O A N D C. H. W A N G 14C02) between C-1 and C-4 of glucose and that between C-3 and C-6 of glucose were indicated by the radiorespirometric data. However, the maximal rate of 14C02 production from the C-6 of glucose occurred significantly earlier than that from the C-3 and the extent of conversion of C-4 of glucose to respiratory CO, was slightly greater than that of C-1. This led to a closer examination of the findings in the gluconate experiment. With gluconate as substrate, the catabolic equivalences, as indicated by the rates and extents of 14C0, production, between C-1 and C-4 of gluconate were not observed. Instead, the conversion of C-2 and C-3 of gluconate to respiratory 1*C02 was only slightly less (in rate and extent) than that of the C-1 of gluconate. Since gluconate is a key intermediate of glucose metabolism in the ED pathway, it can therefore be concluded that in C. equi ATCC 7698 glucose was probably catabolized by way of the EMP glycolytic pathway and the PP pathway. The pentose phosphate derived from either glucose or gluconate via the PP pathway appeared to engage rather extensively in the PC pathway.
Another feature of the catabolic behaviour of C. equi ATCC 7698 was reflected in that the conversion of the C-6 of glucose and, to some extent, the C-6 of gluconate to respiratory CO, were extensive in rate and extent. These findings presumably related to the derivation of glyceral-dehyde-3-P, from either the EMP pathway or the PC pathway, being engaged extensively in the sequential operation of the triose-P isomerase and reversed aldolase reactions, leading to the formation of hexose phosphates. Such a mechanism would result in the transference of C-6 of glucose or gluconate to the C-1 position of re-formed hexose phosphates. Further catabolism of the re-formed hexose phosphates, by way of the PP pathway, would give a relatively more direct conversion of the C-6 of glucose or of gluconate to respiratory C02.
Corynebacterium sepedonicum A TCC 9850. Glucose appeared to be metabolized by this organism extensively by way of the PC pathway, as shown by the fact that, with glucose as substrate, the conversion of C-2 and C-3 of glucose was only slightly less quick and extensive as compared with that of C-1. Similar results were obtained in the gluconate experiments. Since the conversion of the C-4 of glucose to C 0 2 was also quick and extensive, the EMP pathway was presumably also playing a role in the over-all catabolism of glucose.
Corynebacterium xerosis ATCC 7'084. Both glucose and gluconate appear to be catabolized by this organism extensively, if not exclusively, by way of the PP and PC pathways. This conclusion was supported by the extensive conversion of C-2 and C-3 of glucose or gluconate to CO,, with the extents of conversion only slightly less than that of the C-1 of either substrates. The slow conversion of C-4 and C-6 of glucose or gluconate to respiratory CO, indicated that the catabolism of the glyceraldehyde-3-P, derived from the PP and PC pathways, was much limited in extent. However, a significant amount of C-6 of these substrates was incorporated into cellular constituents, a fact which reflected the important role played by glyceraldehyde-3-P in the biosynthetic functions.
On the basis of the foregoing analysis of the data, the relative participation of concurrent primary glucose pathways in the various organisms can be estimated by the method of Wang & Krackov (1962) . The definition of the term 'primary glucose pathway' is that defined by Wang & Krackov (1962) and by Wang (1964) . The estimated values for the relative participation of concurrent pathways are given in Table 2 . The pathway estimations presented in Table 2 represent only a crude assessment of the relative participation of the concurrent pathways. This is so because the derivation of the equations for the pathway estimation, when applied to the organisms used in the present work, does not cover complicating factors such as the operation of the triose recombination pathway and the incorporation of intact glucose into cellular constituents, etc. Nevertheless, these complicating factors should not affect greatly the estimated values for participated pathways. 
DISCUSSION
Despite the classification of the five strains of organisms used in the present study in the genus Corynebacterium, the present findings indicate that there is marked differences in the catabolic mechanism of glucose catabolism between Corynebacterium hoagii ATCC 7005 and C. tritici ATCC 11408. Both organisms use markedly for glucose catabolism, the EMP pathway and to a lesser extent the PP pathway. The pentose phosphate derived from glucose via the PP pathway was not used to any significant extent in the PC relations. Such a catabolic behaviour resembles closely that found with strains of Arthrobacter globiformis ATCC 8010 and A. ureafaciens ATCC 7562. On the other hand, the organisms C. equi ATCC 7698, C. sepedonicum ATCC 9850 and C. xerosis ATCC 7084 displayed a significantly different catabolic behaviour with regard to both glucose and gluconate. In these three strains, the PP pathway played a more important role in glucose catabolism in comparison to the EMP pathway, and the pentose derived from glucose via the PP pathway was engaged in extensive catabolism via the PC pathway. In the case of C. xerosis ATCC 7084 the organism used heavily, if not exclusively, the PC pathway for glucose utilization. Such a catabolic behaviour resembles very much that found with several Acetobacter species (Kitos et al. 1958; Wang & Bjerre, 1961) .
On the basis of the present fmdings, it appears that the five strains of the genus Corynebacterium studied can be grouped in three categories. The strains C. hoagii ATCC 7005 and C. tritici ATCC 11408 appear to belong to a category with catabolic behaviour for glucose and gluconate utilization resembling that of some of the A. C . ZAGALLO AND C. H. WANG Arthrobacter strains typified by Arthrobacter globiformis ATCC 8010 (Zagallo & Wang, 1962) . The strains C. equi ATCC 7698 and C. sepedonicum ATCC 9850 tested here resemble each other in that glucose is utilized by a more or less equal contribution of the EMP and PC pathways. The strain C. xerosis ATCC 7084 is distinct in its catabolic behaviour for both glucose and gluconate, with the PC pathway being the predominant route, as in some strains of Acetobacter and Gluconobacter.
The grouping of the Corynebacterium strains examined here by their biochemical behaviour, particularly their catabolic behaviour, does not seem to be related to the sources from which these organisms were initially isolated. Inasmuch as the cell wall compositions of the respective strains included in the present study are not known, it is not possible to correlate the present findings with the taxonomic classifications on cell wall compositions.
